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A Duplicated Fold Is the Structural Basis
for Polynucleotide Phosphorylase
Catalytic Activity, Processivity, and Regulation
physiologically relevant [4, 5]. The rate of degradation of mRNA
is one of the key posttranscriptional steps that affects gene
expression, and the role of PNPase in this degradation, as part
of the coordinated degradation pathways of a large number
of prokaryotic and bacteriophage mRNA species, has been
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United Kingdom extensively studied [5, 6].
PNPase carries out the highly processive, nonspecific re-†Department of Biology
Emory University moval of 39 nucleotides (Figure 1a) but is “stalled” by double-
stranded RNA structures such as stem-loops [5–10]. TheAtlanta, GA
current evidence for bacterial PNPases is that a minimal 39
overhang of 7–10 unpaired nucleotidyl units is required for
an RNA molecule to be a substrate for continued PNPaseSummary
degradation [5, 8] (Figure 1a). These stem-loops, which must
be stabilized by at least seven base pairs [9], can be removedBackground: Polynucleotide phosphorylase (PNPase) is a
by RNase E activity [5], by RhlB ATP-dependent helicase activ-polyribonucleotide nucleotidyl transferase (E.C.2.7.7.8) that
ity [6], or by multiple cycles of PNPase activity on poly(A)degrades mRNA in prokaryotes. Streptomyces antibioticus
added by poly(A) polymerase [5,10]. Significantly, each of thesePNPase also assays as a guanosine 39-diphosphate 59-triphos-
enzyme activities has been shown to be associated with aphate (pppGpp) synthetase (E.C.2.7.6.5). It may function to
fraction of Eschericia coli PNPase in the degradosome multi-coordinate changes in mRNA lifetimes with pppGpp levels dur-
protein complex [5, 8, 11, 12]. A similar multiprotein complexing the Streptomyces lifecycle.
is implicated in the degradation of mRNA species in chloro-
plasts [6].Results: The structure of S. antibioticus PNPase without
Kinetic studies have established that a contribution to thebound RNA but with the phosphate analog tungstate bound
processivity of PNPase action is the presence of distinct RNAat the PNPase catalytic sites was determined by X-ray crystal-
binding sites separated by up to 20–40 nucleotides along thelography and shows a trimeric multidomain protein with a cen-
RNA substrate [2, 4] (Figure 1a). The C-terminal region oftral channel. The structural core has a novel duplicated archi-
PNPase is known to have domains homologous to those intecture formed by association of two homologous domains.
other RNA binding proteins: a KH domain [13–15] and an S1The tungstate derivative structure reveals the PNPase active
domain [16, 17] (Figure 1b). These domains are proteolyticallysite in the second of these core domains. Structure-based
sensitive and dispensable for catalytic activity [2, 4]. However,sequence analysis suggests that the pppGpp synthetase active
a separate region in the C-terminal half of the PNPasesite is located in the first core domain.
sequence has been shown by Mian [18] to be homologous
to RNase PH and to a related family of phosphorolytic
Conclusions: This is the first structure of a PNPase and shows
ribonuclease enzymes (Figure 1b). Genetic experiments have
the structural basis for the trimer assembly, the arrangement
also implicated this region in the catalytic activity of PNPase
of accessory RNA binding domains, and the likely catalytic
[19, 20].
residues of the PNPase active site. A possible function of the
Isolated bacterial PNPase appears in electron microscopy
trimer channel is as a contribution to both the processivity
(EM) as a triangular complex approximately 85 A˚ across with
of degradation and the regulation of PNPase action by RNA
a visible central hole [21]. These results are consistent with a
structural elements.
trimeric quaternary structure [3, 4]. Physical entrapment of the
RNA substrate by the trimer has also been suggested as a
Introduction contribution to PNPase processivity [4, 22].
During the reverse reaction of equation 1 under unregulated
Polynucleotide phosphorylase (PNPase, [1]) is a polyribo- conditions in vitro, all three subunits can be active, and the
nucleotide nucleotidyl transferase (E.C. 2.7.7.8) that catalyzes PNPase trimer produces three RNA chains simultaneously [3].
the reversible addition of inorganic phosphate (Pi) across the However, no pathway of degradation in vivo has been shown
59–39 phosphodiester bond of RNA. This addition releases a to require multiple RNA substrates to bind.
nucleoside diphosphate from the 39-end: PNPase has been suggested to dephosphorylate the 59 end
of the RNA substrate in addition to removing nucleotides from[Eq. 1] (p59N39OH)M 1 Pi *) (p59N39OH)M21 1 pp59N
the 39 end [3]. This additional activity may regulate the
59-dependent activity of RNase E in vivo [23].where M is the length of the RNA in nucleotidyl units (pN). At
physiological concentrations of Pi, the reaction as given in The PNPase homolog from Streptomyces antibioticus
(PNPase/GPSI) [24] also has an additional activity since it wasequation 1 is favored. Under conditions of lowered Pi concen-
tration in vitro, polymerization of single-stranded RNA (ssRNA) originally assayed in vitro as a guanosine pentaphosphate
(guanosine 39 diphosphate 59 triphosphate, pppGpp) synthe-from nucleoside diphosphate is catalyzed [2–4]. It is the phos-
phorolytic degradation of RNA (Figure 1a), however, that is tase [25, 26]. pppGpp is a precursor of ppGpp, which is a key
Key words: degradosome; KH domain; left-handed; S1 domain; sliding‡ To whom correspondence should be addressed (e-mail: mfs@mole.bio.
cam.ac.uk). clamp
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Figure 1. Processing of mRNA by PNPase
and Domain Homologies
(a) Processive phosphorolysis (Equation 1) of
mRNA containing stem-loop secondary
structure. PNPase trimer is represented with
the accessory domain of one subunit colored
while others are gray. Double-headed arrows
indicate minimum RNA length (in M nucleo-
tides) for either (1) effective binding of sub-
strate to the accessory sites and active site
or (2) or between the secondary structure and
active site in the stalled state. Enzymatic ac-
tivities overcoming this stalled state are
shown.
(b) Alignment of domain structure in PNPase
and RNase PH superfamily. PNPase/GPSI is
shown aligned with bacterial PNPase, the
chloroplast homolog RNP100 and RNase PH
[18]. Residue numbering, domain naming,
structured linker numbering (roman numer-
als) and structural homology of RNase P pro-
tein to a subdomain of PNPase are based on
analysis of current PNPase/GPSI structure.
intracellular messenger in the stringent response [27], regula- site to be identified and characterized in the C-terminal half of
the enzyme.tion of rRNA synthesis, and differentiation (including antibiotic
production). PNPase/GPSI is likely to have a regulatory role This is the first structure of a PNPase to be determined, and
it demonstrates a novel duplicated-core architecture for thisrather than to provide the main pppGpp synthetic activity in
S. antibioticus since overexpression (in relA-lacking cells) leads “classic” family of enzymes. The characteristic PNPase trimeric
quaternary structure is shown to be the result of key conservedto no significant increase in ppGpp levels [G.H. Jones, sub-
mitted]. residues, and the resulting channel, first observed with EM
[21], may have functional significance in the processivity ofThe phosphate analog arsenate binds to the PNPase active
site and, like Pi, is incorporated into the initially released nucleo- PNPase activity [22].
tide product. This gives an “arsenolysis” reaction [4]. Although
nonphysiological, this reaction is used here in a novel purifica- Results and Discussion
tion of the overexpressed S. antibioticus PNPase/GPSI for
crystallization — free of contaminating E. coli RNA. The analog Crystallization and Structure Determination
Crystals of native S. antibioticus PNPase/GPSI, a tungstatetungstate is similarly bound by the enzyme but is retained
under crystallization conditions. This allows the PNPase active derivative, and a seleno-methionyl (SeMet) derivative were ob-
Table 1. Data Collection Statistics
Data Set
SeMet l1 SeMet l2 SeMet l3 SeMet l4 Native Tungstate
space group R32 R32 R32 R32 R32 R32
a 5 b (A˚) 133.6 133.6 133.6 133.6 131.0 130.8
c (A˚) 344.5 344.5 344.5 344.5 330.2 328.7
Wavelength (A˚) 0.9817 0.9791 0.9740 0.9788 0.86 1.54
f9/f† 25.6/0.7 29.8/2.8 23.5/4.3 27.2/6.2 — 26.05/5.6
Resolution 40–2.6 40–2.8 40–2.8 40–2.6 40–2.9 20–2.5
Measurements 165,808 182,911 125,800 163,929 177,322 462,572
Unique hkl 32,530 28,925 25,834 32,529 24,021 37,642
Completeness 97.2 99.8 97.4 98.5 99.9 99.3
Rsyma 0.08 0.11 0.09 0.07 0.08 0.08
Phasing powerb
Acentric/centric — 1.42/1.15 0.69/0.55 1.59/1.36 — —
Anomalous — 1.41 1.74 2.32 — —
a Rsym 5 ShSijI(h,i) 2 ,I(h).j/ShSiI(h,i) where I(h,i) is the ith (symmetry-related measurement) of the intensity of reflexion h and ,I(h). is the weighted mean
of all measurements of I(h).
Se f9/f † are values from SHARP [45], tungstate values are from the CNS [46] library.
b Phasing Power as defined in SHARP [45].
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Figure 2. Stereo Pairs of MAD Experimental
Electron Density
FO map from DM-modified [46], SHARP-esti-
mated [44] phases. Contours at 1.75 s are
colored red on outer surfaces and purple on
inner surfaces, respectively. The model
shown is that for the final refined SeMet deriv-
ative.
(a) “Proline box” region in the second core
domain. (b) Arginine “staircase” region in the
double-turn region of linker II.
tained from the product of the gpsI gene [24], which was cloned PNPase/GPSI group from Mycobacterium and Streptomyces
spp. and the more divergent bacterial PNPases (for details seeand overexpressed in E. coli. Se multiwavelength anomalous
dispersion (MAD) experimental electron density maps (Table 1) Experimental Procedures). The accessory KH and S1 domains
of the PNPase/GPSI did not give good electron density, butwere of high enough quality (Figure 2a), even in the interdomain
linker regions (Figure 2b), to allow tracing of the polypeptide
chain for residues 3–583. The SeMet model was refined by
using a maximum likelihood target [28] that included the experi- Table 2. Model Refinement Statistics
mental phase estimates (Table 2). Subsequently, this model
Model SeMet Tungstate
was used to solve the tungstate derivative crystal structure
Number of atoms:(Table 1). This latter derivative gave clearer electron density for
total 4,850 5,081many regions that were poorly ordered in the SeMet derivative
protein 4,506 4,720
crystals (Table 2). water 291 306
ions 45 55
Structure-Based Sequence Alignment of the PNPase Rworka 20.1% 21.3%
Rfreeb 22.5% 24.7%Family of Enzymes
Complete residues 3–583 3–585The secondary structure of S. antibioticus PNPase/GPSI was
Residues modeled 605–614, 623–632 604–614, 623–634,used to produce a structure-based alignment of the PNPase
as polyAla 656–661, 663–679, 699–717
family of proteins. For this analysis the more divergent chloro-
a Rfree is calculated from the 5% randomly assigned test set of FP that hasplast [6] and RNase PH [18] members of the superfamily (Figure
been excluded from the refinement [46].1b) were excluded. Figure 3 shows an annotated, abridged
b Rwork is calculated from data not selected for Rfree.alignment of the PNPase family divided into two subgroups: the
Structure
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Figure 3. Structure-Based Sequence Alignment of PNPase Family
Details of alignment methods are in Experimental Procedures. Only S. antibioticus PNPase/GPSI and E. coli PNPase sequences are shown as examples of
subgroups in the PNPase family. Red letters show homology within a subgroup; blue boxes show similarity and red highlights identity, respectively, across
the whole alignment. Yellow highlights regions both conserved within a group and significantly different between the groups [53]. PNPase/GPSI and E. coli
KH and S1 domain secondary structures are shown in black and magenta, respectively; h indicates 310 helices and TT b turns [48].
previously published structural evidence [15, 17] allows the conserved residues and vary among the unit cells obtained
(Table 1).corresponding region of the E. coli sequence to be annotated.
The PNPase/GPSI subunit modeled from the MAD experi-
ment (Figure 4b) has an ab structural core, a lower all-a-helicalQuaternary Structure and Overall Architecture
of the PNPase Fold domain, and a KH accessory domain associated with the upper
face of the core. Structured linkers I and II connect the all-a-The S. antibioticus PNPase/GPSI crystallizes in space group
R32 with a single subunit in the asymmetric unit. Assemblies helical domain to the structural core. Structured linker III and
the b sheet of the KH domain (Figure 4b) are ordered wellwith 32 symmetry have been previously observed for bacterial
PNPase in negative-stained EM preparations [21], but the phys- enough to indicate that the KH and S1 domains lie close to
the upper surface of the trimer. However, the other elementsiologically active form of PNPase is believed to be trimeric
rather than hexameric [4]. Gel filtration chromatography shows of the KH and S1 domains are not well ordered in the crystals.
This is perhaps due to a more flexible arrangement in theS. antibioticus PNPase/GPSI is also trimeric in solution (M. S.,
unpublished data). Figure 4a shows the PNPase/GPSI trimer crystals and relates to a function as accessory RNA binding
sites [2–4] that can remain bound to the substrate, despite itswith a final diameter of approximately 90 A˚, which is consistent
with that measured for bacterial PNPase [21]. A crystallo- varying length, as the PNPase reaction proceeds (Figure 1a).
The trimer subunits associate around a central channel alonggraphic hexamer results from favorable crystal contacts on the
lower face of the trimer (Figure 4a view) but is not considered the crystallographic 3-fold axis. The trimerization interfaces
are largely due to hydrophobic mixed b sheets (Figure 4c)to be biologically relevant since these contacts do not involve
Duplicated Fold for Polynucleotide Phosphorylase
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Figure 4. Quaternary Structure and Topology
of PNPase/GPSI
(a) Schematic drawing of PNPase/GPSI tri-
mer. One subunit is colored, but structural
elements of other monomers are gray. The
first core domain is colored in maroon, dark
blue, yellow, and gray for a helices, b strands,
310 helices, and loops, respectively, while the
second core domain is colored red, light blue,
yellow-green, and gray, respectively. Con-
served sidechains of FFRR loops (residues
78–92) are shown in blue, and atoms of con-
served sidechains that are accessible from
the central channel are shown with those of
phenylalanine in red and those of arginine in
blue. Equivalent atoms of phenylalanine and
arginine residues of gray subunits are in
darker colors.
(b) View of single PNPase/GPSI subunit
(SeMet derivative). This view, from the outer
surface of the trimer, is at right angles to the
crystallographic 3-fold axis that runs verti-
cally up the trimer channel behind the sub-
unit. Structural elements and their colors are
as in (a).
(c) Topology diagram of PNPase/GPSI sub-
unit “box” fold. Pseudodyad between core
domains shown is for guidance only. Double-
headed arrows show displacements for dis-
play. Elements in accessory domains not ob-
servable in the MAD experiment are colored
gray and based on homologous examples.
(d) Ca trace. Every tenth residue is numbered,
and the initial residue (“3”), and final residue
(“583”) of the SeMet derivative model are la-
beled. The first core domain is shown in blue,
the second is shown in red, and the all-a-
helical domain and linkers are shown in
green. Linker III and the first b strand of the
KH domain are in red. Other b strands of the
KH domain are shown in yellow/gold.
that associate to bury a total surface area of 3393 A˚2 at each helices is arranged across the outer surface b sheets (a5 and
a12 across b7–b10 and b1–b21, respectively).interface.
Viewed from above, the structural core has a novel four- If this outer helix layer (a5 and a12) is neglected, then the
overall “box” architecture of four a helices enclosed by b sheetslayer abab architecture (Figure 4a, upper left subunit). This is
a new class of the previously described “box” architecture arranged around a channel has been previously observed in
the family of sliding DNA clamps [29]. This similarity is not[29]. Figure 4c shows how the four central helices (a1, a2,
a9, and a10) are packed in a down-down, up-up arrangement likely to be due to homology since the topological relationship
of the structural elements is not conserved. However, PNPasewithin a “box” formed by b sheets. Two walls of the “box” are
formed by the trimerization interface b sheets, while the outer acting processively was perhaps the first system in which
clamp-like physical entrapment of substrate by an enzyme wasface of the “box” is formed by a pair of antiparallel b sheets
(b7–b10 and b18–b21) that associate edge-on (through H bond- suggested [22]. The central channel of PNPase/GPSI (Figure
4a) has a much smaller diameter (approximately 9 A˚ at itsing between strand b10 and b21). Finally, a pair of long a
Structure
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Figure 5. Structure-Based Alignment of PNPase/GPSI Core Domains and Trimerization Contacts
The two PNPase/GPSI core-domain sequences are aligned with each other and with E. coli RNase PH sequence to show insertions and modifications
subsequent to the gene duplication fusion event. Formatting was as two groups [53]: upper grouping (blue titles) is S. antibioticus PNPase/GPSI and E. coli
PNPase first core domain; lower grouping (red titles) is second core domains from these species and in addition E. coli RNase PH protein. Colors and
symbols are as in Figure 3. Residues contributing to trimerization contacts in first (downward-pointing triangle) or second (upward-pointing triangle) half of
PNPase/GPSI molecule are indicated. Yellow triangles similarly indicate intramolecular contacts between the core domains of a single subunit. Red-filled
circles (second core domain only) are for contacts with tungstate atoms. A dotted green box indicates the left-handed crossover elements.
narrowest) than those observed in the DNA binding sliding- 1b). Residues contributing to the PNPase trimerization inter-
face, and also those forming intramolecular contacts betweenclamp family [29], but conserved basic and aromatic residues
(principally provided by the “FFRR” loop of residues 78–92, the two core domains, are indicated on the alignment.
During searches for structural homologs [30], the unit b5-Figure 4a) could potentially interact with the single-stranded
RNA substrate of PNPase. a1-b6 and its equivalent, b16-a9-b17, were observed to be
examples of the very rare left-handed bab crossover topology
(Figure 4c, indicated in green on Figure 5). Murzin [31] hasThe PNPase/GPSI Structural Core is Constructed
previously drawn attention to this as a conserved feature in afrom Duplicated Domains
superfamily of nucleic acid binding domains [32]. The topologyIt was only after initial chain tracing that it became apparent
of PNPase/GPSI shows that each PNPase core domain and,that the structural core is formed from two topologically identi-
by implication, the RNase PH domain are also members ofcal core domains. These halves interact to generate pseudo-
this superfamily — although they are extensively elaboratedsymmetry, which is indicated by the dyad symbol at the center
compared with previously described examples.of Figure 4c. The first and second core domains are shown in
blue and red, respectively, in Figure 4d. Based on equivalent
elements, the sequences of the first and the second core do- The All-a-Helical Domain
Viewed most simply (Figure 4c), the all-a-helical domain (a6-mains can be aligned for both the S. antibioticus and E. coli
PNPases (Figure 5). This shows that the domains have diverged a8) represents merely a connecting domain between the two
core domains. Consistent with a mainly structural role, thefrom each other through addition and modification of structural
elements. However, if these modifications are excluded, then sequence in this region is less well-conserved among PNPase
family members than in the core domains (Figure 3). The struc-the 3D structures of the two domains can be overlaid with a
root-mean-square deviation (rmsd) of 2.7 A˚ over 184 equivalent ture of the all-a-helical domain is observed to be similar to a
large number of helical nonbundle domains, including eukaryo-Ca atoms that represent the conserved elements in common
between them (but from which only 5.4% of the total core tic homeodomains. This is most likely due to convergent evolu-
tion of helix-packing interactions [29, 32].sequence is then excluded).
The alignment of Figure 5 also includes the E. coli RNase One distinctive feature of the helical packing in PNPase/
GPSI is the elbowing of helix a6 (indicated between a6a andPH sequence as an example of the exonuclease superfamily
to which the catalytic region of the second half of the PNPase a6b, Figure 4c). A search for potential homologs based on
secondary structure [33] reveals this feature in the helical layersequence was assigned ([18], shown schematically in Figure
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of the N-terminal domain of enolase. Like PNPase, enolase is Comparison of the PNPase family with the RNase PH family
a component of the “degradosome” multienzyme complex in (Figure 5 alignment and [18]) shows that the GHG motif is not
E. coli [8], but its role is not clear [5]. The analogous architecture an absolute requirement for the phosphorolytic mechanism
of the PNPase/GPSI all-a-helical domain and the helical layer that is presumed to be a conserved feature of the superfamily.
of enolase observed here provide an unexpected further con- However, in the PNPase reaction His-427 may have an acces-
nection between enolase and the enzymes of RNA degradation. sory function in the charge neutralization of a bound phosphate
dianion, which is the form most generally observed to bind to
Structured Linker Regions Coordinate enzyme active sites and which would be equivalent to the
Interdomain Contacts tungstate dianion modeled here.
At either end of the all-a-helical domain are two structured The structural elements and conserved residues around the
linkers that have good electron density in the experimental tungstate binding site are shown in Figure 6b. The conserved
maps. Linker I (residues 251–264) is an extended rather than loop N-terminal to helix a10 is buttressed by conserved resi-
a regular secondary structure, while linker II (residues 357–350) dues behind it: Arg-369 (part of linker II, Figure 2b), Cys-468,
has a highly distinctive double-turn folding arrangement that Phe-367, Ile-488, and the pair Arg-349 and Asp-509. The con-
gives an S-shaped configuration (Figure 2b). This results in a served 369–372 loop (between b12 and b13, Figure 6b) also
“staircase” arrangement of conserved arginines Arg-339, Arg- buttresses the helix a10 loop. Several groups of basic residues
333, Arg-3–Arg-49, and Arg-369. This arrangement, through an are positioned adjacent to the tungstate binding site. Notably,
association with acidic residues (Asp-341, Asp-508, and Glu- one group is provided by the left-handed helical element (a1)
513) and the loop 458–461, coordinates the position of the all- of the first core domain. The pseudodyad symmetry of the
a-helical domain and the second core domain. PNPase structural core places both of the conserved left-
Finally, linker III (Figure 4b) is a further structured connection handed crossover elements close to the tungstate binding site.
that positions the PNPase KH domain [15] on the upper face Toward the lower face of the core domains is the conserved
of the trimer close to the channel (Figure 4a). helix a11 and a group of conserved acidic residues. Several
of these residues position helix a11 by forming H bond interac-
Tungstate Binding Site Identifies the Likely PNPase tions with conserved arginine residues, while a cluster con-
Active Site taining Asp-514, Asp-536, and Asp-520 is directed toward the
Electron density peaks close to positively charged sidechains tungstate binding site. Magnesium ions are required for
on both the upper and lower faces of the PNPase/GPSI core PNPase activity [4], presumably to stabilize the pentacoordi-
were modeled during refinement of the SeMet derivative as nate phosphorus transition state of the in-line attack mecha-
contributions from partially bound sulfate anions. These were nism of the enzyme [34], and these acidic residues may be
taken as evidence for the location of potential binding sites involved in binding this ion — analogously to the conserved
for phosphate groups in the RNA phosphodiester backbone. aspartic acid residues at the active sites of DNA and RNA
However, the PNPase reaction (Equation 1) also involves spe- polymerases.
cific binding of Pi as the second substrate. The PNPase/GPSI Figure 6b shows that it would be plausible for the bridging
was treated with the phosphate analog arsenate during purifi- 59 phosphate of a 39-terminal RNA nucleotidyl unit to be accom-
cation to remove contaminating RNA. Arsenate binds at this modated between the Pi binding site (occupied by tungstate)
Pi binding site but is incorporated into the product nucleotide and Mg21 bound to these conserved aspartic acid residues.
derived from the RNA, and it is lost by subsequent spontaneous Immediately adjacent to them is the conserved residue Lys-
hydrolysis [4]. For crystallographic studies, an alternative phos- 522. This could potentially function to provide the proton for
phate analog, tungstate, was employed. This treatment was the 39-OH formed on the RNA product 39-terminal nucleotidyl
initially aimed at producing a heavy-atom derivative but was unit in the PNPase reaction (equation 1).
found to be of too low substitution. Tungstate is partially bound
by each subunit of the PNPase. Only a single site, which is
Sequence Conservation between PNPase Corelocated only in the second core domain, is observed per sub-
Domains and the RNase PH Superfamilyunit. As in the case of arsenate, this site is likely to be that for
The RNase PH superfamily of nucleases is likely to be structur-the second PNPase substrate Pi although there is no evidence
ally homologous to the PNPase core domains (Figures 1b andthat the tungstate can be turned over by the enzyme analo-
5). The second PNPase core domain is also likely to be function-gously to phosphate or arsenate [4].
ally homologous with the other members of this superfamily,Figure 6a shows the tungstate-native isomorphous differ-
and this explains its closer similarity in sequence [18].ence density (calculated to 4 A˚) superimposed on the final
The b16-a9-b17-a10 module, which contains a left-handedrefined model 2FO-FC sigmaa-weighted electron density for the
crossover, in this domain is characterized by a group of glycineN terminus of helix a10. The tungstate was identified as a 10
residues in turns at the lower surface (in Figure 4b orientation)s difference electron density peak but refines best at a final
and a cluster of proline residues in the loops at the upperoccupancy of 0.37. The tungstate site is contributed by a loop
surface. The proline residues in the upper turns occur as anat the N-terminal end of helix a10 (the conserved motif GS[T/
approximately rectangular array, the “proline box” (Figure 2a).S]S, [residues 460–463], filled red circles in Figure 5), and a
Although the “proline box” is not generally conserved through-contact is also observed to the imidazole ring of His-427, a
out the RNase PH superfamily, the turns that it defines areresidue which is contributed by the conserved motif GHG (resi-
involved in a conserved core of small, branched hydrophobicdues 426–428) of helix a9.
residues packed at the upper contact between helices a9 andHistidine is known as a catalytic residue in ribonucleases
a10 (Figure 5 alignment and [18]).that proceed through 29–39 cyclic phosphate intermediates and
Comparison of the two core domain sequences (Figure 5)also those that form a covalent enzyme intermediate. However,
shows that they have diverged extensively since the presumedboth of these mechanisms have been ruled out for the PNPase
reaction [3, 4, 34]. gene duplication fusion in the PNPase family. The structural
Structure
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Figure 6. View Into Putative PNPase Active
Site
(a) Difference density at tungstate binding
site with contours at 5 s (colored green).
Overlaid is 2FO-FC sigmaa-weighted map [45]
and final refined model for tungstate deriva-
tive with contours at 1.00 s (the model is col-
ored red on outer and purple on inner sur-
faces).
(b) Secondary structure and key conserved
residues around the tungstate binding site.
Sidechain atoms of residues in tungstate
binding loop and other key conserved resi-
dues are shown. Residues of two additional
conserved loops are shown as colored Ca
positions and numbered in corresponding
color. Residues 458–460 are shown with ser-
ine, asparagine, and glycine colored pink,
green, and black, respectively; residues 369–
371 are shown with arginine, glycine, glu-
tamic acid, and threonine colored blue, black,
orange, and pink, respectively; and residues
412–413 are shown with glycine and glutamic
acid as black and orange, respectively.
homology of the two domains has produced a broad conserva- by using an assay for pppGpp synthetase activity. This group is
a distinctive subfamily of PNPase homologs (Figure 3 analysis).tion of sequence. This sequence conservation is indicated, for
example, in the glycine and alanine residues involved in the Competition studies with the PNPase inhibitor dCDP sug-
gested that the pppGpp synthetase activity is located at a siteclose packing of the main elements within each core domain.
The differences between the two copies may relate to differing that is distinct from that of the PNPase activity and which is
not proteolytically sensitive [24, 26].functions in the PNPase activity; the RNase PH-like phosphoro-
lytic catalytic site may be conserved in the second domain, Since the second core domain contains the PNPase active
while the first copy of the core domain specializes in the flexible site, the likeliest site for pppGpp binding activity in the PNPase/
binding of RNA substrate and the formation of the trimer chan- GPSI subfamily of enzymes is the first core domain, which
nel structure. Consistent with this is the observation that the sequence analysis (Figure 3) shows to have evolved distinctive
residues of the tungstate binding loop are not conserved in differences (highlighted in yellow) from other PNPases. The
the first core domain. The differences may further relate to the position of helices a3 and a4 and the docking of the b14–b15
acquisition of additional enzymatic activities, such as pppGpp stem-loop on the upper surface produce a solvent-filled pocket
synthetase activity in the case of the PNPase/GPSI group mem- that is distinctly different from that which binds tungstate on
bers, by the first PNPase core domain. the lower surface.
An additional possibility is that this region has been sepa-
rately adapted as a second active site in PNPases generally.Possible Location and Function of the GPSI Active Site
The S. antibioticus PNPase/GPSI enzyme was the first member Although pppGpp synthetase activity is absent in the majority
of PNPases, there is some evidence for a 59-directed phospho-of this group to be isolated [25]. Its isolation was accomplished
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ryl transfer activity in addition to the 39-directed phosphorolysis
of PNPase [3, 4]. This may be involved in the coordination of
5-end dependent RNase E activity with PNPase activity [23],
which is of particular importance in bacterial species with close
association of these enzymes as a “degradosome” complex
[4–12].
Trimerization Interactions Conserved
in the PNPase Family
The residues contributing to the trimerization of PNPase (indi-
cated in Figure 5) can be divided into two main groups: those
relating to the b sheet trimerization interfaces at either end of
the core “box” fold (Figure 4c) and those relating to the loops
around the central channel.
Detailed analysis of the b sheet trimerization interface shows
that residue contacts can be identified that demonstrate the
pseudodimeric nature of the interface. For example, the contri-
bution of Tyr-409 to the interface is mirrored by that of Tyr-75
from an adjacent subunit. A further example is the Arg-360:Asp-
44 interaction that is mirrored by the interaction of the equiva-
lents Gln-32 and Glu-371.
The loops and several conserved sidechains involved in the
trimer channel are visible in Figure 4a. Viewed from above, a
space-filling model of the trimer (Figure 7a) shows how the
narrowest section of the channel is formed when the extended
FFRR loops (residues 78–92 in the left-handed crossover) of
the first core domain in each subunit make contact with the
base of the same loop in an adjacent subunit. Thus, the ten
trimerization contacts indicated for the 78–88 region of Figure
5 (black triangles) should be considered as two sets of five;
one set belongs to each neighboring subunit in the trimer.
RNase PH is known to be active as a dimer [35]. The interface
for this seems more likely to be equivalent to that of the intramo-
lecular dimer of the PNPase/GPSI core domains (Figure 5,
contacts marked in yellow) than to be equivalent to the pseudo-
dimeric PNPase trimer interface (Figure 5, contacts marked in
black). However, the surfaces exploited for the trimerization
of the PNPases may function in higher order assemblies of
members of the RNase PH superfamily, for example in the
eukaryotic exosome complex [6].
Figure 7. Trimer Channel and Regions of PNPase with Structural Similarities
to RNA Binding Domains
(a) Space filling model of trimer interactions around channel. The domainsRNA Binding Sites Involved in PNPase Activity
of one subunit are gray, blue, gold, and magenta for the first core (includingSince this is the first PNPase structure to be determined, there
FFRR loops), second core, KH, and S1 domains, respectively. The first andare currently no closely homologous structures that bear on
second core domains of other subunits are green/yellow-green and orange/
the catalytic mechanism. However, the more distant homolo- red, respectively.
gies with known structures can be used to give indications (b) Left-hand side is schematic side view of PNPase/GPSI domains for the
of likely sites for interaction with RNA. Figure 7a shows the single subunit of trimer in (a) indicated by vertical lines (represented as in
Figure 4b). First core domain elements are colored entirely gray behind.construction of the trimer channel, while Figure 7b shows a
KH and S1 domains are in yellow/orange or magenta, respectively. Likelyview at right angles that compares the PNPase domains of a
structural homologs of PNPase/GPSI domains are shown to the right-handsingle subunit with examples of homologous domains in other
side. Examples are: enolase N-terminal domain (PDB 1one); RNase P protein
RNA binding proteins (with key RNA contacting residues indi- (PDB 1af6), KH (PDB 1vih), and S1 (PDB 1sro) domains. Key conserved RNA
cated [blue Ca atoms]). contacting residues are indicated as blue Ca atoms: RNase P protein RNR
RNase P protein is shown as an example [36] of the super- box motif, S1 Phe-658, Phe-661, Leu-671, Ile-708, Arg-709; Vigilin KH GXXG
motif. Arrows show possible routes for RNA between the 39-end at PNPasefamily of small nucleic acid binding domains with a left-handed
active site and the 59-end associated with accessory domains.crossover [32]. RNase P protein does not possess any catalytic
activity but is a small component of a ribozyme complex [36].
The side-by-side comparison (Figure 7b) with the PNPase sec-
ond core domain shows how the PNPase domain is extensively pared with the regions homologous to RNase P protein (247
versus 123 residues, respectively [30], Figure 1b).elaborated by addition of a new subdomain forming the outer
surface and base of the active-site cleft. These elements are Both the a helix left-handed crossover and the b sheet of
RNase P protein have been implicated in RNA binding [36, 37].also retained in the first core domain (Figure 7b, shown in gray).
The addition of the 4 strand b sheet and two associated a Although the two equivalent helices of the PNPase box fold
(a1 and a9) may have functions in RNA binding analogous tohelices effectively doubles the size of each core domain com-
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that of RNase P protein, the equivalent b sheet of the PNPase in fact also allow cooperative binding of longer (.20 nucleotide)
domain cannot interact with RNA since it functions as a trimeri- ssRNA by the multiple accessory domains of the trimer, as has
zation interface (Figures 4c and 5). The b strands adjacent to been previously suggested [16]. This would then also be consis-
the channel (Figure 7a) are those of the “stem-loop” structure, tent with the biochemical results with longer substrates [2].
which is a feature unique to PNPase. In the first PNPase core
domain a further example of a PNPase-specific structural fea- Conclusions
ture is provided by the FFRR loops that also contribute to the Despite the wealth of classical enzymological studies on bacte-
trimer channel assembly (Figure 7a). rial PNPases [4], it is not yet clear what is the exact catalytic
The KH domain of the E. coli PNPase has been previously mechanism of the PNPase reaction or how its high processivity
modeled by threading studies using the recent crystal struc- is achieved. The present work is a first step toward addressing
tures of the eukaryotic Nova KH domains [15]. MAD experimen- these questions structurally. Combined use of the phosphate
tal density for this domain was therefore modeled by using analogs arsenate and tungstate allowed the crystallographic de-
the homologous KH domain of vigilin [14]. In the case of the termination of the structure of the RNA-free form of the enzyme
tungstate derivative, a similar approach was used to position and the identification of the PNPase active site within it.
structural elements of the homologous E. coli S1 domain [17] Currently there are no published mutational studies of active-
into electron density alongside the KH domain. After positional site residues of PNPase. However, the present structure of the
refinement, these elements, although incomplete, allow the S. antibioticus enzyme allows key conserved residues of the
positions of the complete domains to be inferred by side-by- PNPase active site (Figure 6b) to be identified as targets for
side comparison with the homologs (Figure 7b). such studies. In addition, structure-based sequence analysis
Comparing the two panels of Figure 7 shows how these (Figure 3) is used here to indicate the structural elements likely
positions place the known RNA binding sites of the KH domains to contribute to the pppGpp synthetase activity of the PNPase/
[15] immediately above the central channel, while those of the GPSI subfamily.
S1 domains [17] face outward away from the channel. Cocrystallization with PNPase and GPSI substrates will allow
The RNA binding sites of the accessory domains are there- the hypotheses proposed here for the RNA and pppGpp bind-
fore quite some distance away from the PNPase Pi binding ing sites to be tested directly. The suggested position of the
site on the lower face of the second core domain. One possible pppGpp binding site adjacent to helix a4 locates it on the same
route between the lower catalytic face and the upper accessory face of the trimer as the accessory elements of the PNPase
face of the core involves wrapping the substrate around the domain. This may allow regulatory interaction between RNA
outer surface of the enzyme (arrow “A,” suggested originally and pppGpp binding to allow coordination of RNA lifetimes
in [2]). A single-stranded RNA would have to extend a distance with pppGpp concentration through the Streptomyces life-
of approximately 115 A˚ to pass out and around the outer wall cycle.
of the subunit and so to contact the S1 binding site. This Cocrystallization with longer RNA substrates will also allow
distance would be covered by approximately 18 nucleotidyl the possible function of the trimer channel in the processivity
units. This would then be consistent with the biochemical evi- of the PNPase activity to be investigated. It seems likely that
dence for the length of ssRNA bound both at the active site the trimeric assembly of PNPase (Figure 7a) has evolved specif-
and also to the accessory domains of PNPase [2]. ically to allow a central channel in contrast to the dimeric
However, another possible route of the RNA substrate would nature of the other enzymes of RNA degradation [5]. A trimeric
be through the trimer channel, as suggested by the entrapment assembly often seems to be adopted in evolution as the most
model [22]. Evidence for this is provided by studies on RNA economical arrangement that gives a central cavity. In the case
substrates with stem-loops that show that PNPase will only of PNPase, threading the RNA substrate through this channel
carry out phosphorolysis of nucleotidyl units spaced more than
[22] would restrict access of the three PNPase active sites to
7–10 units from such secondary structures [8, 9]. Single-
a single ssRNA substrate per trimer (although all three would
stranded RNA would have to extend only approximately 40 A˚
then have access to it). The rationale for this may be that thefrom the tungstate site through the trimer channel to the upper
tight regulation of PNPase activity by RNA secondary structureedges of the FFRR loops (Figure 4a), with a further distance
in vivo [5, 6] is more important than high, unregulated catalyticof 18 A˚ to reach the KH domain (arrow “B,” Figure 7b). The
activity – which is attainable under nonphysiological conditionsdistance from a stem-loop on the upper surface of the trimer
in vitro [3].to the active site would then be equivalent to nine nucleotidyl
units – consistent with the biochemical evidence. The coopera-
Biological Implicationstive action of both the upper accessory domains and the FFRR
mRNA species are observed to be rapidly and efficiently recy-loops may be required to position, and select for, single-
cled to their constituent nucleotidyl units. However, this degra-stranded RNA since access to the tungstate site from the lower
dation is a highly regulated process [5,6]. PNPase is a phospho-surface of the core appears to be much less restrictive (Fig-
rolytic exonuclease [4] involved in degrading prokaryoticure 7b).
mRNA. Its structure is of particular interest since it is a memberPositioning of RNA substrate models into the current tung-
of a superfamily of phosphorolytic ribonucleases that includesstate-derivative structure suggests that the single ssRNA sub-
several components of the eukaryotic exosome complex [18].strate required by this entrapment mechanism can be accom-
The structure of the S. antibioticus enzyme reveals that themodated in the trimer channel. However, displacement of the
PNPase architecture contains a duplicated core domain. EachFFRR loop residues may be required for translation of the
core domain contains a subdomain homologous to a group ofstrand between catalytic events. Only a single ssRNA substrate
distinctive nucleic acid binding domains [32]. However, theper trimer would be processed by this mechanism, but there
PNPase core domain architecture has many additional struc-is currently no biochemical evidence requiring three RNA sub-
tural elements and distinctive features compared with otherstrates to be subject to processive degradation by the trimer
simultaneously. The single substrate processive mode would members of this group.
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model (Table 2). Attempts to identify other substrate analog and ion bindingThe duplicated fold produces the PNPase trimerization inter-
sites as difference density were unsuccessful.face and imparts a pseudodimeric architecture to it. Key con-
Polyalanine traces of approximately half the residues from NMR structuresserved structural elements located around the trimer channel
for an S1 domain (PDB 1sro, [17]) and a KH domain (PDB 1vih, [14]) were
may function as a “selectivity” filter allowing only ssRNA ac- positioned in disconnected density close to the C terminus. These were
cess to the PNPase active sites. The inferred position of the refined as polyAla (Table 2) with an arbitrary B factor of 100 A˚2 (which was
set at this value). The final KH and S1 elements give a final Ca rmsd of 1.4 A˚pppGpp binding sites adjacent to these elements may relate
(for 28 equivalent residues) and 1.6A˚ (for 39 equivalent residues) with theirto the coordination of RNA lifetimes with pppGpp levels during
respective homologs. Athough not observed in the electron density, thethe Streptomyces lifecycle.
complete domains were shown to be consistent with crystal packing. Al-
though the secondary-structural elements shown for these domains are
Experimental Procedures consistent with Ca positions (recognized by MOLSCRIPT [47]), they currently
do not generally meet the DSSP criteria ([48], Figure 3).
Protein Expression and Purification
S. antibioticus PNPase/GPSI was overexpressed in E. coli BL21 (DE3) pLysS
Validation Methods
[24], and the cells were lysed at 48C in 0.5 mg/ml Lysozyme with 0.6 mg/
Refined SeMet and tungstate derivative models were checked with PRO-
ml CHAPS in 50 mM Tris-HCl (pH 8.0), 2 mM EDTA, 4 mM PMSF, 2 mM
CHECK [49] and displayed with MOLSCRIPT [47], Bobscript [50], and Rast-
DTT, 3 mg/ml D/L leupeptin, and 3 mg/ml aprotinin. DNA was digested by
er3D [51] graphical display programs.
addition of 30 U/ml DNase I, 10 mM MgCl2, and 0.5 M NaCl. After centrifuga-
tion (24,000 g, 30 min at 48C), the supernatant was fractionated on a HiTrap
Sequence Alignment MethodsQ (Pharmacia) column (25 mM Bis-Tris [pH 6.5], 0–2 M NaCl) followed by a
Related PNPase members were identified by a TFASTA [52] database searchHiFlow Phenyl Sepharose (Pharmacia) column [50%–0% (NH4)2SO4]. Con-
against the S. antibioticus PNPase/GPSI sequence. Formatting in ESPripttaminating RNA was then degraded by two rounds of PNPase/GPSI-cata-
[53] used the Riesler substitution matrix and ESPRipt default similaritylyzed arsenolysis (25 mM Na2As04, 1/2 hr at 378C) followed by separation
thresholds. Species included in alignment were as follows: group 1, S. antibi-from product nucleoside monophosphates (Sephadex G25 [Pharmacia] in
oticus, S. coelicolor, Mycobacterium leprae, M. tuberculosis; group 2, Aqui-20 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 2 mM EDTA, 1 mM DTT). PNPase/GPSI
fex aeolicus, Borrelia burgdorferi, Chlamydia pneumoniae, C. trachomatis,fractions with A280 . 0.8 and A280/A260 . 1.25 were pooled, supplemented with
Yersinia enterocolitica, E. coli, Pseudomonas putida, Synochocystis spp.MgCl2 (to 10 mM), and applied to monoQ (Pharmacia, 25 mM Bis-Tris [pH
PCC6803, Haemophilus influenzae, B. subtilis, Thermus thermophilus, Ther-6.5], 1 mM MgCl, 1 mM DTT, 0–1 M NaCl). PNPase/GPSI (eluting at 0.45 M
motoga maritima, Helicobacter pylori, and Phosphobacterium luminescens.NaCl) was desalted (15 mM NaCl final) and concentrated to 7 mg/ml on a
Centricon 30 (Amicon). Metabolic inhibition/repression in minimal medium
Acknowledgmentswas used for SeMet incorporation [36]. Masses of purified native and SeMet
PNPase/GPSI were measured by ESI MS, the predicted mass for expressed
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